Quercetin (3,3Ј,4Ј,5,7-pentahydroxyflavone) is a widely distributed secondary metabolite in plants. Human beings regularly consume quercetin in various fruits, vegetables or herbal medicines; such as apple, onion, and sophora flower. Quercetin has been found to have various biological activities including antiproliferative effects on several cancer cells, [1] [2] [3] anti-inflammatory and anti-allergic effects, 4) anti-oxidative activity, 5) and atherosclerosis-preventing effect. 6) In clinical study, supplementation of quercetin in hypertensive patients for 28 d significantly reduced blood pressure. 7) However, orally administered quercetin is poorly absorbed, and the bioavailability of quercetin administered in capsule form to human beings was reported to be less than 1%. 8) Therefore, several trials have been conducted to increase the bioavailability of quercetin by optimizing its formulation. For example, a pharmacokinetic study in rats revealed that bioavailability of quercetin was increased 5.7-fold by administration using a solid lipid nanoparticle as an oral delivery carrier compared with that administered as a quercetin suspension.
anti-inflammatory and anti-allergic effects, 4) anti-oxidative activity, 5) and atherosclerosis-preventing effect. 6) In clinical study, supplementation of quercetin in hypertensive patients for 28 d significantly reduced blood pressure. 7) However, orally administered quercetin is poorly absorbed, and the bioavailability of quercetin administered in capsule form to human beings was reported to be less than 1%. 8) Therefore, several trials have been conducted to increase the bioavailability of quercetin by optimizing its formulation. For example, a pharmacokinetic study in rats revealed that bioavailability of quercetin was increased 5.7-fold by administration using a solid lipid nanoparticle as an oral delivery carrier compared with that administered as a quercetin suspension. 9) Quercetin is generally accumulated in plants as glycosides such as glucosides, rutinosides and xylosides. These quercetin glycosides show higher solubility in water than quercetin due to the hydrophilicity of the sugar moieties. Indeed, quercetin-4Ј-O-b-D-glucopyranoside has higher bioavailability than its aglycone in human beings, suggesting that conjugation with glucose would enhance quercetin absorption in the small intestine. 10, 11) Glucosyl conjugation of lipophilic small molecules leads to an increase in their water solubility. 12) Several glucosides of quercetin have been prepared by enzymatic synthesis to enhance the water solubility, as exemplified by a-monoglucosyl rutin (aMR), 13) a-oligoglucosyl rutin (aOR), 14) and "enzymatically modified isoquercitrin" (EMIQ). 15) In Japan, EMIQ has been approved as a food additive, 16) and in U.S.A., FDA declared EMIQ generally regarded as safe (GRAS) for use in multiple food categories. However, how glucosyl conjugation affects the pharmacokinetic behavior of quercetin remains unknown except that aMR exhibited 4.5-fold higher area under the plasma concentration-time curve (AUC ) value than quercetin after oral administration as a suspension in carboxymethylcellulose (CMC) solution in rats. 13) In the present investigation, we examined the intestinal absorption and bioavailability of quercetin after oral administration of various quercetin glucosides, and revealed that glucosyl conjugation of isoquercitrin (IQC) with a-glucosidic linkages is quite effective for improving the bioavailability. We also showed that hydrolysis of the glycosidic linkage prior to the absorption through small intestinal epithelium is essential. We further suggest that the collaborative action of two glucosidases, mucosal maltose-glucoamylase (MGAM) and lactase-phlorozin hydrolase (LPH), both anchoring in the mucosal membrane of the epithelial tissue, plays a pivotal role in absorption of quercetin glucosides in the small intestine. Figure 1 shows the chemical structures of these compounds. Purities of quercetin, rutin, IQC, Q3M, and Q3G were estimated to be 85.4, 92.0, 91.6, 84.9 and 93.9% (w/w), respectively. aMR contains 13.4% (w/w) of IQC as an impurity according to the previous study. 13) EMIQ and aOR were the mixtures of glucosides of IQC and rutin, respectively. The average molecular weight was estimated to be 783 for EMIQ and 1313 for aOR by the manufacturer. Isorhamnetin, tamarixetin (Fig. 1, respectively ) and diosmetin were purchased from Extrasynthase (Genay Cedex, France). All other chemicals were of commercial reagent grade quality.
MATERIALS AND METHODS

Chemicals
Animal Experiments Experimental procedures were approved by the Animal Care Committee at Graduate School of Pharmaceutical Sciences, Nagoya City University, Nagoya, in accordance with the guidelines of the Japanese Council on Animal Care. Male Wistar ST rats were purchased from Japan SLC (Hamamatsu, Japan). They were housed in a temperature-controlled room (at 23Ϯ1°C) with lighting from 7 a.m. to 7 p.m. and freely accessed to a commercial standard diet (CE-2, Oriental yeast, Tokyo) and water under conventional conditions. EMIQ, Q3M, Q3G, aMR and aOR are practically freely soluble in water. Water solubilities of quercetin, IQC and rutin were estimated to be 50.0, 206 and 196 nmol/ml, respectively. EMIQ was dissolved in distilled water at a concentration of 0.31, 1.1 and 5.0 mM. Q3M, Q3G, aMR and aOR were dissolved in distilled water at a concentration of 5.0 mM. Quercetin, rutin, and IQC were suspended in distilled water at concentration of 5.0 mM by sonication for 30 min. The suspensions were prepared just before the experiments. To wash out the flavonoids in the body, we fed 9-week-old rats AIN-76 (Clea Japan Inc., Tokyo) that is flavonoid-free for 1 week. Then, the rats (nϭ6 or 7) without fasting were intraperitoneally injected with 1.0 g/kg of urethane (Sigma-Aldrich, St. Louis, MO, U.S.A.) for deep anesthesia, and sample solutions or suspensions (10 ml/kg) were orally administered by gavage. In a separate experiment, quercetin was dissolved in dimethylsulfoxide at a concentration of 1.0 M, and intravenously injected into jugular vein (50 ml/kg) of the rats (nϭ6). Blood (0.25 ml) was collected via either side of jugular veins alternately at 0.25, 0.5, 1, 2, 3, 6, 9 and 12 h after the oral or intravenous administration into heparin-coated tubes. The blood was centrifuged (12000 g, (10) 7 min, 4°C) to obtain plasma, which was stored at Ϫ80°C until analysis.
HPLC Analysis of Plasma Concentration of Quercetin and Its Metabolites A 90 ml aliquot of plasma was mixed with 20 ml of b-glucuronidase from Helix pomatia (SigmaAldrich #G0751, 2.9ϫ10 4 units/ml of b-glucuronidase and Ͼ5ϫ10 2 units/ml of sulfatase) in 0.58 M acetate buffer, pH 4.9, and incubated at 37°C for 60 min. Then 25 ml of 10 mM sodium metaphosphate solution containing 1 M L-ascorbic acid and 9 ml of diosmetin (20 mg/ml) was added to the reaction mixture, which was then lyophilized. The lyophilizate was dissolved in 1 ml of MeOH, and after centrifugation (14000 g, 10 min), the supernatant was transferred into a fresh tube and dried up under nitrogen flow. The residue was dissolved in 180 ml of MeOH/200 mM HCl (1 : 1) solution, and after centrifugation (14000 g for 7 min) the supernatant (100 ml) was subjected to HPLC analysis under the following conditions: system (1100 series, Agilent, CA, U.S.A.); column, YMC Pack ODS-AQ (4.6ϫ250 mm, YMC Co., Ltd., Kyoto, Japan); mobile phase, 0.1% phosphoric acid (solvent A) and acetonitrile (solvent B) (B/Aϭ25/75-35/65 for 5 min; 35/65 for 5-20 min; 100/0 for 20-30 min; 25/75 for 30-37 min, linear gradient); flow rate, 1.0 ml/min; columntemperature, 30°C; detection, absorbance at 370 nm; retention times, quercetin, 14.2 min; isorhamnetin, 22.0 min; tamarixetin, 22.5 min; diosmetin, 20.8 min. Linear regression of the concentration range of 0.132-3.64 mM for quercetin, 0.221-8.75 mM for isorhamnetin, 0.095-1.58 mM for tamarixetin by the peak-area ratio of these compounds to diosmetin was calibrated by the least-squares method (r 2 ϭ0.99). Pharmacokinetic Analysis The peak plasma concentration (C max ) and the time to reach C max (T max ) of total quercetin were obtained from the actual data observed after oral administration. AUC from 0 to 12 h after administration (AUC 0-12 h ) was calculated using the trapezoidal rule from the first measurement point to the last measurement point. Bioavailability (F value) was calculated by dividing AUC 0-12 h after the oral administration of the samples by the AUC 0-12 h after the intravenous administration of quercetin. Data were expressed as meanϮS.E. (nϭ6-7). Significant differences among the groups were determined by one-way ANOVA followed by Bonferroni/Dunn multiple comparison test using Statcel2 ® . 17 ) p values less than 0.05 were considered statistically significant.
In Vitro Enzymatic Digestion of Quercetin Glycosides The upper third of small intestine was collected from male Wistar/ST rats (9 weeks old). After removal of the contents by perfusing with ice-cold 100 mM citrate buffer (pH 4.8), the intestine was cut lengthwise, and epithelial tissue was stripped with a spatula. The epithelium was homogenized in the citrate buffer by sonication for 1 min on ice. After centrifugation (14000 g, 10 min), the supernatant was used as a crude epithelial enzyme. The protein concentration in the supernatant was measured using a BCA TM Protein Assay kit (Thermo Scientific, Rockford, IL, U.S.A.). Quercetin glycosides were dissolved at a concentration of 100 mM in the citrate buffer, and a 750 ml aliquot of glycoside solution was mixed with the same volume of the crude epithelial enzyme. The mixture was incubated at 37°C, and a 100 ml aliquot of the reactant was collected at an appropriate time. The reaction was stopped by adding 400 ml of EtOH containing baicalein (50 mM). The mixture was subjected into HPLC analysis.
For the analysis of the reaction products from EMIQ, Q3M, Q3G, and IQC, LC/MS/MS system (Waters Quattro Premier XE, Milford, MA, U.S.A.) with an electrospray ionization source in the negative ion mode with multiple reaction monitoring was used. The analytical column was a Cadenza CD-C18, 50ϫ2.1 mm, 3 mm (Imtakt Inc., Kyoto). The mobile phase was delivered by a linear gradient elution system, 0.1% AcOH in H 2 O (solvent A) : 0.1% AcOH in acetonitrile (solvent B) (B/Aϭ14/86-65/35 for 2.5 min; 65/35-95/5 for 2.5-3.0 min; 95/5-100/0 for 3.0-5.0 min; 100/0 for 5.0-6.0 min) at a flow rate of 200 ml/min. Injection volume of the sample was 10 ml. Both quadrupoles were maintained at the unit resolution and the transitions (precursor to daughter) monitored were m/z 625.5 to 300.1 for Q3M (retention time, 3.3 min) and Q3G (3.4 min), m/z 463.0 to 301.0 for IQC (3.6 min), m/z 300.9 to 178.8 for quercetin (4.2 min), and m/z 268.9 to 251.0 for baicalein (4.4 min). Linear regression in a concentration range of 0.67-54 mM for Q3M, IQC and quercetin, and 18-54 mM for Q3G was calibrated by the peak-area ratio of these compounds to baicalein by the least-squares method (r 2 Ͼ0.99). For the analysis of the enzymatic reaction products from rutin, a MR, and a OR, HPLC/UV system (LC-10A VP , Shimadzu, Kyoto, Japan) with a photodiode array detector (SPD-10A, Shimadzu) was used. The analytical column was an Inertosil ODS-3 (4.6ϫ250 mm, GL Science, Tokyo). The mobile phase was delivered with a linear gradient elution system, 0.1% AcOH in H 2 O (solvent A) : 0.1% AcOH in MeOH (solvent B), (B/Aϭ40/60 for 10 min; 40/60-96/4 for 10-11 min; 96/4-100/0 for 11-16 min; 100/0 for 16-20 min) at a flow rate of 1.0 ml/min. Injection volume of the sample was 10 ml. The UV detector was set at 254 nm. Linear regression in a concentration range of 2.0-54 mM for rutin (retention time, 9.4 min) and aMR (9.1 min), 2.0-18 mM for IQC (9.9 min) and quercetin (15.8 min) was calibrated by the peak-area ratio of these compounds to baicalein (16.8 min) with the least-squares method (r 2 ϭ0.99). Data were compensated by the concentration of proteins in the reaction solution, and expressed as meanϮS.D. (nϭ3).
RESULTS
Oral administration of EMIQ at a dose of 50 mmol/kg led to a rapid increase in plasma concentration of quercetin and its methylated metabolite, tamarixetin (Figs. 2A, C) . The plasma level reached a maximum 15 min for quercetin and 15-30 min for tamarixetin after the administration. The concentration of quercetin gradually decreased while that of tamarixetin remained at a plateau thereafter. The plasma concentration of isorhamnetin, another methylated metabolite of quercetin, gradually increased and reached a peak 6 h after administration, that remained at the peak level thereafter (Fig. 2B) . Plasma concentrations of quercetin and its methylated metabolites were depended on the EMIQ doses (3.1, 11, 50 mmol/kg), and no saturation was observed in C max and AUC 0-12 h values within the range of EMIQ doses examined ( Table 1) .
The plasma concentrations of quercetin and its metabolites after oral administration (50 mmol/kg) of Q3M and IQC showed a change similar to that after EMIQ administration, but the plasma levels were about 80% and 30% for Q3M and IQC, respectively, of those for EMIQ (Fig. 3) . The plasma concentrations of quercetin and its metabolites showed only a slight increase after oral administration of aMR, aOR and Q3G, and only a trace level after administration of quercetin and rutin (Fig. 3) . Pharmacokinetic parameters of quercetin and its methylated metabolites were examined (Table 2) . C max , AUC 0-12 h and F values of quercetin were significantly higher when EMIQ or Q3M was administered than those when other quercetin glycosides were administered. AUC 0-12 h values of isorhamnetin and tamarixetin were paralleled to that of quercetin.
We examined the enzymatic hydrolysis of quercetin glucosides using the crude extract prepared from rat intestinal epithelium. EMIQ was rapidly converted to quercetin during incubation with the crude enzyme. The transient increase in IQC concentration indicated that IQC was an intermediate of the EMIQ digestion (Fig. 4A) . In fact, IQC was readily hydrolyzed to quercetin (Fig. 4B) . Q3M was also hydrolyzed to quercetin via IQC by the crude enzyme preparation (Fig.  4C) . aMR was rapidly digested to rutin (Fig. 4D) , and aOR was converted to aMR and then to rutin (Fig. 4E) . However, in either case no further conversion of rutin to IQC or quercetin was observed. Rutin itself was not hydrolyzed at all by the crude enzyme preparation from small intestinal epithelium (Fig. 4F) . Q3G was slowly converted to quercetin although the formation of IQC as a reaction intermediate was not detected, and only 7.6% of the initial Q3G was hydrolyzed to quercetin after a 2-h incubation (Fig. 4G) .
DISCUSSION
Orally administered quercetin is poorly absorbed. 8, 18) The bioavailability of quercetin is improved by dissolving in a vehicle containing an organic solvent. For example, quercetin dissolved in dimethylsulfoxide/polyethylene glycol 200 has EMIQ was dissolved in H 2 O and the solutions were orally administered. Plasma samples were treated with b-glucuronidase/sulfatase, and the concentrations of quercetin and its metabolites were measured. The AUC was calculated by the trapezoid rule, and data were expressed as meanϮS.E. (nϭ6).
Fig. 3. Pharmacokinetic Profile of Quercetin (A), Isorhamnetin (B) and Tamaxiretin (C) after Oral Administration of Flavonol Glycosides in Rats
up to 1.3-fold bioavailability in rats compared with that suspended in 0.7% CMC solution. 19) In our preliminary experiment, the bioavailability of quercetin dissolved in dimethylsulfoxide/water (70 : 30) solution in rats was 3.2-fold higher than that of quercetin suspended in water. Thus, the solubility of quercetin is a highly important factor for its bioavailability.
In the present study, we compared the pharmacokinetic parameters of the glucosyl conjugates of quercetin and rutin with enhanced water solubility. Of the five glucosyl conjugates examined, EMIQ and Q3M exhibited drastic increase in C max and bioavailability of quercetin. Although the result was obtained using anesthetized rats, increase in the AUC value of EMIQ was also reported previously using conscious rats (Ono et al. 2005) . IQC revealed the increase in these parameters, but to a less extent. These results may reflect the participation of water solubility in the bioavailability of these glucosides because EMIQ and Q3M were readily dissolved in water at 5 mM concentration whereas IQC was not completely dissolved in water at this concentration. In contrast, the intestinal absorption of Q3G was poor although it is as soluble in water as Q3M. These results suggest that not only water solubility but also chemical structure of the glucose moiety of a particular glycoside affects the intestinal absorption of quercetin glycoside, because an additional glucose molecule is conjugated to IQC with an a-(1,4)-linkage and a b-(1,6)-linkage in Q3M and Q3G, respectively. The absorption of aMR and aOR was only slightly improved compared with that of rutin although they are quite soluble in water.
Quercetin and its methylated metabolites were observed in plasma as early as 15 min after oral administration of EMIQ and Q3M, and T max values of quercetin were 15 and 30 min for EMIQ and Q3M, respectively. Thus, it is unlikely that these compounds were absorbed through the large intestine after they were digested into the aglycone by intestinal microflorae, especially because the intestinal movement is supposed to be suppressed by anesthesia with urethane in the present investigation. 20) In fact, recent clinical studies indicated that the primary site of absorption of dietary glycosides was small intestine. 10, 21, 22) Two possible mechanisms, involvement of glucose transporters and deglycosylation by glycosidase in small intestine, can explain these observations. However, sodium-dependent glucose transporter-1 (SGLT1) has recently been found not to be involved in quercetin glycoside absorption. 23) There are evidences that deglycosylation is prerequisite for absorption of dietary flavonoid glycosides through the small intestine and that quercetin aglycone can be transported through highly lipophilic epithelial membrane. 24) Various glucosidases are present in the small intestine, 2038 Vol. 32, No. 12 3.9Ϯ1. including glucocerobrosidase, lactase-phlorizin hydrolase (LPH), cytosolic b-glucosidase (CBG), and pyridoxine glucoside hydrolase. Among them LPH is a sole b-glucosidase present on the luminal side of the brush border of small intestine and contributes to deglucosylation of the dietary flavonoid glucosides prior to the absorption. 24) Mucosal maltose-glucoamylase (MGAM) with hydrolytic activity on a-(1,4)-glucosidic linkage is also present in the small intestine, anchoring to the brush border epithelial cells, and is involved in the final step in small intestinal starch digestion. 25) We prepared crude extract from epithelial cells of rat small intestine and examined the hydrolysis of quercetin glycosides in vitro. IQC was rapidly converted to quercetin by incubation with the crude enzyme. This reaction is catalyzed by LPH, since CBG did not hydrolyze IQC 26) while purified LPH was shown to efficiently digest IQC to quercetin. 24) Since LPH is a transmembrane-type protein locating at the luminal side of brush border membrane of intestinal epithelial cells, 27) quercetin aglycone would soon dissolve into lipophilic membrane, and penetrate into the intestine by simple diffusion. The changes in the enzymatic hydrolysis of EMIQ and Q3M with the lapse of time clearly indicated that these glucosides were first converted to IQC, which was then rapidly converted to quercetin. The first step is an enzymatic hydrolysis of a-(1,4)-glucosidic linkage presumably catalyzed by MGAM. MGAM may also be involved in a-glucosidic hydrolysis of aMR and aOR, which results in accumulation of rutin in the reaction mixtures. Rutin was not hydrolyzed to quercetin by the crude enzyme preparation presumably because no enzyme capable of hydrolyzing the a-rhamnosyl linkage is present in the epithelium of small intestine. This is consistent with the results that the bioavailability of neither aMR nor aOR was increased compared with quercetin in the present investigation. Shimoi et al. reported that the AUC 0-24 h for quercetin in rats administered aMR was 4.5-fold higher than that in rats administered quercetin. 13) Since they measured the plasma concentration of quercetin and its metabolites in awake rats for a longer period than the present investigation, their results might reflect not the absorption in the small intestine but the microflorae digestion of rutin in the large intestine. In addition, they used 0.5% CMC solution, which might promote the absorption of these compounds, as a vehicle of quercetin and aMR, although we used water.
In this study, we also measured plasma concentarations of methylated quercetin, i.e. isorhamnetin, and tamarixetin. The plasma concentration of isorhamnetin, a major methylated metabolite, gradually increased by 2 h after administration and remained at the peak level thereafter. Thus it is unlikely that quercetin is at small intestine prior to transfer into the circulation. In fact, catechol-O-methyltransferase is much more abundant in liver and kidney than intestine in rats. 28) In conclusion, glucosyl conjugation is an effective strategy to improve the bioavailability of quercetin. Quercetin glucosides should be hydrolyzed to quercetin prior to absorption in small intestine. Since a-(1,4)-glucosyl linkage is susceptible to digestion by MGAM and resultant IQC is readily converted to quercetin by LPH, conjugation of glucose residues to IQC with a-(1,4)-linkage is a preferred approach to improve the quercetin absorption. The present study revealed that EMIQ exhibits the highest bioavailability among the glycosides examined in rats. This may contribute to the potent pharmacological activities of EMIQ, including anti-hypertensive effects in spontaneous hypertensive rats, 29) atheroprotective and plaque-stabilizing effects in ApoE-deficient mice, 30) and suppressive effects on the symptoms in cedar pollinosis patients. 31) Comparison of pharmacological activities among these quercetin glycosides is now in progress.
